Carbon-based hybrid materials: growth, characterization and investigation of properties by Arshad, Muhammad
  
 University of Groningen
Carbon-based hybrid materials: growth, characterization and investigation of properties
Arshad, Muhammad
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2018
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Arshad, M. (2018). Carbon-based hybrid materials: growth, characterization and investigation of properties.
[Groningen]: University of Groningen.
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the






Vertically aligned single-walled carbon nanotubes: optical 
properties* 
This chapter reports on the optical response of vertically aligned single-
walled carbon nanotube (SWCNT) bundles. These vertically aligned SWCNTs 
were grown by chemical vapour deposition on Si/SiO2/Al2O3 substrates 
using iron as a catalyst. One-colour transient reflectivity experiments were 
performed and the results compared with the optical response of unaligned 
nanotube bundles discussed in chapter 5. The negative sign of the optical 
response indicates that the free electron character revealed on unaligned 
bundles is only due to the intertube interactions favoured by the tube 
bending. Neither the presence of bundles nor the existence of structural 
defects in aligned bundles is able to induce a free-electron like behavior of 
the photoexcited carriers. This result is also confirmed by the presence of 
















*The results presented in this chapter are published in: 
G. Galimberti, S. Ponzoni, G. Ferrini, S. Hofmann, M. Arshad, C. Cepek, & S. Pagliara, 
Transient reflectivity on vertically aligned single-wall carbon nanotubes. Thin Solid 




5.1 Introduction  
Carbon nanotubes are cylindrically shaped nanostructures conceptually 
derived from rolling of the graphene sheet(s) and actually also in practice 
synthesized in this fashion. [1] Single-walled carbon nanotubes (SWCNTs) 
present exceptional optical, electronic, and mechanical properties. The 
rolling direction of sheet describes the chiralities of SWCNTs labelled by 
chiral indices n, m.[2] Recently, SWCNTs have played a fundamental role in 
the research field of optoelectronics, in particular for application in solar 
cells[3] and sensor devices.[4 5] The outstanding and intriguing physical 
properties of CNTs including well defined optical resonances, ultrafast non-
linear response and ballistic 1D charge transport, have, in fact, stimulated 
both fundamental and applied research on these systems.[6 7]  
For increasing the SWCNTs’ potential in the field of optoelectronics, a 
growing effort, in these last years, has been focused on preparing SWCNTs 
on large scale with well-defined diameter and chirality. [8 9] Nonetheless, the 
realization of most anticipated applications needs not only scaled-up 
techniques for the synthesis of high-purity SWCNTs, but also accurate 
control over their location and alignment. A first substantial advancement 
in the field was the synthesis of the vertically aligned SWCNTs by chemical 
vapour deposition (CVD) in the presence of a mono-dispersed Co–Mo 
catalyst with dimensions of ≈1.0–2.0 nm, prepared on quartz substrates by 
a dip-coating method. [10] Subsequently, oxygen-assisted CVD [11], plasma 
CVD [12], hot-ﬁlament CVD [13], water-assisted CVD [14] and molecular-beam 
synthesis [15] were reported for the synthesis of vertically aligned SWCNTs.  
Further, vertically aligned SWCNTs were also grown using the conventional 
thermal CVD process and controlling the synthesis conditions as to 
particularly optimize the diameter and coverage of catalyst used. [16 17] 
However, to achieve the precise control over diameter as well as chirality of 
SWCNTs is still challenging. 
 Therefore, the vertically aligned SWCNT arrays typically comprise different 
diameters and chiralities with a broad distribution, which complicate the 




SWCNTs have shown several exciting optical properties, for instance 
photonic crystal effects[18 19], wavelength selective emission in desired 
direction[20 21], reﬂection based on polarization of incident light[22 23] and 
greater absorptivity.[24 25] The optical response of vertically aligned arrays of 
SWCNTs depends on the helicity of the structure of each single CNT and 
then on their combined organization.[13 15 16] In fact the low energy optical 
properties of SWCNTs are associated with the formation of electron-hole 
pairs, described as 1D Wannier–Mott excitons.[26 27] 
The possibility of studying the optical response of SWCNT thin films with 
different architectures (unaligned, horizontally and vertically aligned tubes; 
isolated or bundled tubes) with a well-defined electronic structure 
represents at the moment a challenge. Thin films of CNTs deposited under 
controlled atmosphere with standard techniques, such as CVD or the high 
pressure carbon monoxide (HiPCo) process, contain a broad distribution of 
aggregated tubes with different diameters and chiralities. The optical 
devices based on CNT thin film, showing the best performance, usually 
contain semiconducting and metallic tubes with different structures, 
combined with several other systems (nano-particles, molecules, metallic 
connector, substrate etc). [7 28] Therefore, in order to improve the 
performance of SWCNT-based optical devices, a deeper understanding of 
the optical properties of thin films containing different tubes is necessary. 
In particular, a study of the charge carriers dynamics, charge transfer and 
charge transport into and among different parts of the entire system is 
imperative to improve the efficiency, as well as to choose the best 
configuration and the most suitable components. Performing one-colour 
transient reflectivity measurements, in a pump probe experimental set up, 
on vertically aligned SWCNTs, we reveal a response of the photoinduced 
charge carriers comparable with the exciton-like behaviour observed in 
literature on isolated SWCNTs. Photobleaching channels and non-linear 
effects, only measurable when the probability of creating two or more 
excitons per nanotube is non-negligible [29 30], are clearly evident in the 





5.2 Experimental details 
Vertically aligned CNTs bundles (Sample A and Sample B) were grown in two 
different laboratories. Sample A, the scanning electron microscopy (SEM) 
image of which is shown figure 5.1 (a), was prepared at the Department of 
Engineering, University of Cambridge, U.K. The CVD process was done on 
sputter-deposited 10 nm thin film of Al2O3 on SiO2 (200 nm)/Si substrate. 
The Fe catalyst (1.1 nm) was thermally evaporated onto the Al2O3 thin film 
at room temperature. Atmospheric pressure CVD was conducted in a tube 
furnace at 750 °C in a mixture of C2H2/H2/Ar (30 min) after a 3 min pre-
treatment in H2/Ar.  
Sample B (SEM image shown figure 5.1 (b)) was prepared at the Analytical 
Division of the TASC-IOM-CNR Laboratory, Trieste, Italy. These vertically 
aligned CNTs were grown Al2O3/SiO2/Si under similar experimental 
conditions as   discussed in chapter 4.  
The CNTs grown on similar substrates in both type of CVD setups are 
vertically aligned. For sample A, the CNT length ranges between 4 and 5 μm  
 
Figure 5.1: SEM images of vertically aligned CNTs synthesized on Al2O3 / SiO2/Si substrates by 
CVD in a tube furnace at 750 oC ((a), sample A) and in an ultra-high vacuum growth chamber 







 and the diameter 1.2-1.4 nm. For sample B, grown by UHV CVD, the 
diameters range between 0.9 and 1.55 nm, and the length is about 5 μm. As 
mentioned earlier in chapters 2 and 4, the quality and yield of CNTs grown 
by CVD strongly depends on several parameters including the type of 
substrate/support, the catalyst type and the pre-treatments, the growth 
temperature and atmosphere, the pressure gradient, the precursor/s gas 
purity and fluxes. The aligned CNTs grown by tube furnace CVD (Sample A) 
at relatively at higher temperature 750o C have shown better quality (as 
confirmed by Raman Spectroscopy) as compared to the CNTs grown by UHV 
CVD (Sampe B) at a temperature of 580–600 °C. The reducing enviorenment 
(mixture of Ar-H2) to the catalyst helps to improve the growth rate and 
quality of the CNTs. [31]  
To get clearer idea about the structural differences between samples A and 
B, Raman spectra were collected on them by using an excitation wavelength 
of 632.8 nm (for Sample A) and 514.5 nm (for sample B) are reported in 
figure 5.2. The D and the G modes are at about 1300 and 1700 cm−1, the G′ 
mode at 2600 cm−1 and the radial breathing modes (RBMs) in the 150 cm−1- 
250 cm−1 range. [32] For Sample B the RBMs are principally located around 
160 cm−1 (sharp structure) and 270 cm−1 (broad structure) corresponding to 
a diameters ranging from 0.9 nm to 1.55 nm. On the other hand, in Sample 
A, the RBMs are located around 185 cm−1 and 215 cm−1, corresponding to a 
diameter of 1.4 nm and 1.2 nm (for the calculation of the diameter from the 
RBM frequency see Chapter 4). The Raman spectrum of Sample B is 
characterized by an intense D mode [33], because the ratio ID/IG increases 
with the excitation wavelength, the D mode suggests the significant 
presence of structural defects in this sample. It is important to underline 
that in Sample B the large presence of defects is in anyway compatible with 
a predominant content of sp2 hybridization of C atoms in the nanotube 
walls. The energy position of the G mode (about 1590 cm−1) and the ratio 
ID/IG = 0.9, in agreement with reported literature. [34 35], testify to nanotubes 
mainly composed of sp2-hybridized C atoms even if the significant presence 
of defects clearly indicates that the wall is composed of clusters and not of 




Figure 5.2: Raman spectra collected on Sample A (a) and Sample B (b) by using a laser 
wavelength of 632.8 nm and 514.5 nm, respectively. The intensity of the D mode in the 
Sample B suggests a significant presence of structural defects in this sample. (c) Graph 
adapted from ref. [36] to estimate the content of sp2, sp3 hybridization in Sample A and B. 
5.3 One colour transient measurements 
Since the structure of a CNT is closely related to the single layer in graphite 
(graphene), we first performed time-resolved optical measurements on a 
highly oriented pyrolitic graphite (HOPG) sample for reference. The result is 
shown in figure 5.3. In these samples the individual graphite crystallites are 
well aligned with each other. Transient reflectivity has allowed to unravel 
the dynamical response of graphite in detail. Assessing the different decay 
channels for excited carriers, Carbone et al. have found that the carrier 
dynamics in graphite are governed by the physics of the single graphene 
sheets at early times and by the interlayer structural dynamics at later time. 




Figure 5.3: One colour transient reflectivity measurement on HOPG with a pump fluence of 
0.47 mJ/cm2. 
terms of a two temperature model that describes the cooling of excited 
electron distribution by, at first, electron-electron scattering, then, by 
electron-phonon interactions. 
To determine whether the presence of structural defects affects the charge 
carrier dynamics of SWCNTs, in figure 5.4, transient reflectivity signals 
collected on the two samples of vertically aligned SWCNTs bundles (Sample 
A (a), Sample B (b)), which differ in content of structural defects, are shown 
together. The transient reflectivity signal reported for unaligned SWCNT is 
positive [38], in agreement with the free-electron behaviour of the 
photoinduced carriers, and the transient reflectivity signal obtained from 
the vertically aligned SWCNTs is negative. The negative signal has been 
interpreted as a photobleaching process. [39 40] When the pump photon 
energy is quasi-resonant with one of the optical transitions between two 





Figure 5.4: One-colour (hν = 1.55 eV) transient reflectivity spectra collected on vertically 





one-colour transient optical measurements. Absorption of the pump pulse 
excites electrons into the conduction band thereby creating holes in the 
valence band. Until these carriers relax, transient filling effects on the final 
states are observed. For the photobleaching effect, the transient signal is 
positive in trasmittivity and negative in reflectivity (such as in the 
absorption).[41 42] The presence of the photobleaching channel in aligned 
SWCNTs bundles suggests that the free-electron like behaviour of the 
photoinduced carriers[38] is due to the lack of alignment of the bundles and 
not to the formation of bundles themselves.  
In order to eliminate the substrate and catalyst contributions to the 
detected transient signal, the transient reflectivity measurements were 
carried out on the substrate after depositing the Fe catalyst nanoparticles 
used for the growth of SWCNTs. The substrate transient reflectivity signal is 
shown in figure 5.5. The negative sign of the substrate and catalyst 
transient reflectivity excludes any contribution to the positive character of 
 
 





the transient reflectivity signal from unaligned SWCNTs bundles used for 
comparing the results of aligned SWCNTs. 
From the analysis of the RBM reported in figure 5.2, we estimated the 
average diameter of the carbon nanotubes; from these values it is possible, 
by using the Kataura scheme [43], to evaluate the energy positions of the 
VHSs in both samples. In Sample B these diameters indicate that the second 
VHS (E22) is located at about 1.15 eV and 1.7 eV, respectively, while for 
Sample A, from the Kataura plot, the second VHS results at about 1.2 eV–
1.45 eV. For both samples, the pump photon energy (1.5 eV) is able to 
populate the second VHS giving rise to a photobleaching channel in the 
transient reflectivity (figure 5.4). 
By interpolating the transient response, a difference in the reflectivity of 
the two aligned bundles appears. While Sample A is well fitted by two 
exponential decays, Sample B is interpolated only by one exponential curve 
(figure 5.6 a and b). In both samples, the resulting decay time of the first 
dynamics (90 ± 10 fs for Sample A [43] (c) and 65 ± 15 fs for Sample B (d)) is  
Fig
ure 5.6: (a, b) Transient reflectivity signal collected on Sample A and B. The data result well 
fitted by two and one exponential decay for Sample A and B, respectively. (c, d) Decay time of 




compatible with the relaxation time from the second excitonic level E22 to 
the first one E11. [37 41 44] 
The linear trend of the first decay time against the pump fluence (figure 5.6 
c, d) leads to exclude radiative processes. [45] Concerning the second 
dynamics (with a relaxation time of about 1 ps) of Sample A’s transient 
signal, it is usually ascribed in SWCNTs to non-linear excitonic effects. [29] A 
picture of the dynamics in this case is reported in figure 5.7 a. Excitons are 
promoted by the pump from the ground state, GS, to E22 (second VHS) 
state, inducing the first photobleaching. The excitons created in the E22 
state relax very fast (in few tens of fs) to the E11 state (first VHS). Due to the 
high pump fluence (1014–1015 photons/cm2) and the long E11 decay time 
(few picoseconds) [9], excitons annihilate and repopulate E22. This process, 
known as exciton–exciton annihilation (EEA), increases the transmittivity of 
the probe resulting in a second photobleaching channel. 
Due to the dipole selection rules, the optical transition from the ground 
state to the E22 state is likely when the pump polarization is parallel to the 
carbon tube. [9] In our experimental condition, the pump polarization is 
perpendicular to the tube. In Sample B, the energy of the GS-E22 transition is 
less resonant with the pump photon energy, thereby reducing the excited 
carrier density and preventing the EEA. 
In order to verify that the positive second dynamics in Sample A is the result 
of an EEA process, in figure 5.7 b the inverse of the transient reflectivity, 
(ΔR/R)−1, is plotted as a function of the delay time. The quadratic 
dependence of the temporal evolution of the exciton population on the 
population itself implies that: [30 40 46] 
ΔR/R)−1  Δt, where Δt is the delay time between the pump pulse and the 
probe pulses. The linear behaviour shown in figure 5.7 b confirms the non-
linear character of the second dynamics in Sample A transient signal.  
To rationalize our findings, a rate equation model [40 46] is here proposed to 






Figure 5.7: (a) Sketch of the relaxation processes of the carriers excited in Sample A. (b) 
Fitting of the transient signal collected on Sample A by using the rate equation model. The 
linear behavior of the inverse of the transient reflectivity versus the delay time confirms that 



























=)t(G  populates the E22 state 
that becomes depopulated by the -BN2 term where B−1 corresponds to the 
N2 decay time (E22 → E11). The 
2
CN21  term represents the population of the 
E22 state due to the annihilation of the excitons on the E11 state. As a 
consequence the E11 state is populated by the relaxation of the excitons 
from the E22 state (BN2) and depopulated by the relaxation into the ground 
state (-DN1) and by the annihilation process ( CN21 ). The ΔR/R signal is 
proportional to the N2 population, the probe photon energy being resonant 
with the E22 state. As shown in figure 5.7 b, the transient response is well 
approximated by the proposed model. The mean fitted B−1 value, for the 
low fluence spectra, is 65 ± 15 fs. This value is consistent with the value (40 
fs) reported for the E22 → E11 decay in SWCNTs. The fitted D−1 value is 
consistent with the relaxation time of the E11 state. 
5.4 Conclusions 
The one-colour transient reflectivity experiments show a negative transient 
reflectivity behaviour for all aligned SWCNTs bundles independent of 
sample preparation techniques. Our results demonstrate that the free-
electron behaviour observed in unaligned bundles is mainly due to absence 
of alignment. The presence of bundles and a different content of structural 
defects in the vertically aligned SWCNT reveal an excitonic behaviour 
comparable with that observed in literature on isolated tubes. In order to 
address the second dynamic revealed in the transient response, a rate 
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